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[1] Data collected from Fast On-Orbit Recording of Transient Events (FORTE) satellite–
received Los Alamos Portable Pulser (LAPP) signals during 1997–2002 are used to
derive the total electron content (TEC) at Los Alamos, New Mexico. The LAPP-derived
TECs at Los Alamos are analyzed for diurnal, seasonal, interannual, and 27-day solar
cycle variations. Several aspects in deriving TEC are analyzed, including slant to vertical
TEC conversion, quartic effects on transionosperic signals, and geomagnetic storm
effects on the TEC variance superimposed on the averaged TEC values.
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1. Introduction

1.1. Overview of Total Electron Content Variability

[2] The ionospheric total electron content (TEC) is
characterized by spatial and temporal variations that
can be traced primarily to changes in solar radiation with
time and geographic location, and to solar/magnetic
activity. The spatial variations generally correspond to
the various ionospheric latitude zones. A major maxi-
mum is at low latitudes (the tropical zone) and a
secondary maximum is at the poles (the auroral zone),
and TEC is a minimum at midlatitudes. The highest TEC
values on the entire globe occur in the near equatorial
region extending to about 20� on either side of the
magnetic equator, with the peak TECs found in the
equatorial anomaly region at �15� from the magnetic
equator. The temporal variations are characterized by
cyclic variability on diurnal, seasonal, interannual, and
27-day solar cycle timescales.
[3] In the absence of solar/magnetic storm activity, it is

the solar EUV radiation that controls temporal variability
in the ionosphere. The two major solar-controlled tem-
poral variabilities are the diurnal cycle over the 24-hour
period between daytime and nighttime and the interan-
nual cycle over the 11-year period between high and low
solar activities. The diurnal cycle for TEC is such that the
maximum occurs two hours after solar noon and the
minimum before dawn. The seasonal variability of TEC
is relatively small in amplitude, which shows a semian-

nual cycle with higher values at equinox and lower
values at solstice. Although the solar control clearly
dominates the cyclic TEC variability, ionospheric distur-
bance effects can lead to considerable random day-to-day
variations in TEC.
[4] Many observational and experimental studies have

been done on the temporal variability of ionospheric
TEC on diurnal, seasonal and interannual timescales
providing us with insights into detailed and specific
ionospheric temporal characteristics and quantitative
relationships with controlling factors. Some interesting
findings include the long-term relationship between TEC
and solar activity, the seasonal dependence of the time
for daytime peak TEC, and the nighttime secondary
TEC peak. It has been indicated that the ionospheric
TEC long-term variability statistically correlates with
the 11-year cycle of solar activity in the normal range
[Gordienko and Mukasheva, 2001]. A high degree of
correlation was found between the TEC and solar
irradiance index F10.7 in the range of 80–150. For
F10.7 in the range of 150–200 or less than 80, the
TEC level remains virtually unchanged. It has been
found that the occurrence time for the daytime TEC peak
is seasonally dependent in the equatorial anomaly regions
[Tsai et al., 2001]. The TEC peaks are fully developed
around midday in winter, early afternoon in equinoxes
and late afternoon in summer. In addition to the major
daytime TEC peak, a prominent secondary peak after
sunset has been reported normally happening before
midnight and is more pronounced around equinoxes
during high solar activity at equatorial regions [e.g.,
Wan Hassan et al., 2002]. At midlatitudes the nighttime
TEC increases because of anomalous increases in the
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nighttime F2 region, a fact that has been investigated and
established by many researchers since mid-1960s [e.g.,
Arendt and Soicher, 1964].
[5] The day-to-day transient TEC variations have also

been investigated as an important part of the ionospheric
temporal variability. One of the basic understandings on
the contributing factor to the day-to-day TEC variations
is the solar radiation change. It has been pointed out that
day-to-day TEC variations react very sensitively to solar
radiation changes. For example, correlation analysis on
ionospheric response to solar radiation changes over the
European area indicated a delay of up to 3 days depend-
ing on geomagnetic conditions [Jakowski et al., 2002].
Examination of the ionospheric responses to the solar
eclipse on 11 August 1999 found significant reductions
of TEC following the turn off and on of the solar
radiation with a delay of up to 40 min [Jakowski et al.,
2002]. Previous researches also described how the day-
to-day TEC variations are related to the phases of diurnal
cycle and the latitudinal location. The TEC structure at
Anchorage, Alaska (61.04�N, 149.75�W) was examined
for the period just following the minimum phase of solar
cycle 21 and the results indicated virtually uniform TEC
structure from day to day during the buildup and decay
diurnal phase of the local ionosphere and pronounced
day-to-day variations during the maximum and mini-
mum of the diurnal phase [Soicher, 1985]. The TEC
relative variability, a measure for day-to-day TEC varia-
tions, was investigated for three South American stations
(Arequipa, Peru: close to the magnetic equator; Santiago,
Chile: close to the southern crest of the anomaly; and
Rio Grande: at midlatitudes). At the equatorial station
the TEC changes from 35% during day to a peak of
60% before sunrise. At the midlatitude station the TEC
changes from 30% during daytime to a dawn peak of
about 50%. The TEC variations are uniform at about
50% for day and night at the crest station [Mosert de
Gonazalez and Radicella, 1995]. The day-to-day TEC
variations are relatively small at the midlatitudes.

1.2. Data Types for Characterizing TEC

[6] To characterize ionospheric TEC, there are differ-
ent types of ionospheric data available. Each type of data
provides a limited view of the ionosphere. On the other
hand, each type of data has its particular advantages.
For example, ground ionosonde station measurements
provide data up to the peak of the ionosphere. Satellite-
borne in situ sensors provide information near the peak
and above. The observations of the Faraday rotation of
radio signals from geostationary satellite beacons have
limited geographical coverage while providing good
time resolution. The polar orbiting satellites, such as
the Navy Satellite Navigation System, provide electron
content up to 1000 km (the height of the satellite) at
approximately fixed time. The combination of the

geostationary and polar-orbiting satellites data yields
information on the spatial and temporal variation of
TEC [e.g., Davies et al., 1979].
[7] The most widely used data type is the TEC

measurements using the Global Positional System
(GPS). The GPS has a large number of satellites and
monitoring stations and can present global coverage of
integral electron content up to the satellite altitude of
20,200 km. Global ionosphere TEC maps are generated
on a daily basis since 1995 using data from the Interna-
tional GPS Service tracking network, which include
dense GPS ground sites on continents but very sparse
stations on islands over oceans [e.g., Schaer et al., 1996].
GPS provides global coverage on the topside electron
content that is not available from ionosondes. It has been
demonstrated that it is possible to reconstruct electron
density profile and TEC in regions where ionosonde data
are not available by combining ground GPS observations
and relatively far ionosonde data [Garcia-Fernandez et
al., 2003]. However, a number of technical considera-
tions have been addressed for the uncertainties in GPS
TEC measurements [Doherty and Klobuchar, 1992].
Such considerations include antenna characteristics,
receiver delay variations, multipath, and the environment
and maintenance of an individual receiver, which should
be regularly and appropriately calibrated. It has been
indicated that the limit of accuracy of GPS TEC is a few
TECU, which is generally tenth of TEC value for most
ionospheric conditions [Davies and Hartmann, 1997].
[8] Empirical ionospheric models have also been

developed for characterizing TEC. For example, the Bent
model was developed to describe the global ionosphere
for a given location, time, and date by fitting a theoretical
electron density profile to a database of ionospheric
measurements [Bent and Llewellyn, 1973]. Efforts at
building a standard empirical model (the IRI model)
were initiated in the late sixties and the IRI model has
been developed and evolved over the years and several
steadily improved editions of the model have been
released. Both the Bent model and the IRI model provide
average TEC values for magnetically quiet conditions
while the IRI model showed better results than the Bent
model in comparison with data which could be attributed
to the more detailed representation of the bottomside
density structure in the IRI model [Bilitza et al., 1988;
Bilitza, 2001].
[9] All the empirical models are climatic or synoptic in

nature. These models provide a reasonably accurate
description of the gross behavior of the ionosphere in
terms of spatial and temporal features. However, they are
not capable of providing the absolute ionospheric param-
eters with acceptable accuracies due to inadequate infor-
mation about the instantaneous or local driving forces. In
particular, model performances are poor during geomag-
netic disturbances.
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[10] The topside sounding technique provides invalu-
able data during various solar activity periods in different
latitude regions [Pulinets and Benson, 1999] to improve
ionospheric models and enhance our ability to extract
accurate TEC from models. The topside ionosphere mod-
eled by IRI is not adequate because of a lack of data,
especially for periods of high solar activity. The Alouette
and ISIS topside sounder data have been used to improve
the IRI topside profile [Bilitza et al., 1998; Bilitza and
Williamson, 2000]. As considerable amount of topside
sounder data has become available from the Russian
Intercosmos-19 mission and other satellite borne topside
sounders, a merging of these data sets and modeling
approaches should lead to a reliable new topside model
for the next version of the IRImodel [Pulinets et al., 2002].

1.3. Scope of This Study

[11] This study presents results of our comparative
study on the TEC cyclic variability at Los Alamos, New
Mexico on diurnal, seasonal, interannual, and 27-day solar
cycle timescales for the period of 1997–2002. In this
paper, the characteristics of the TEC cyclic variability
during the period of 1997–2002 derived from FORTE-
received Los Alamos Portable Pulser (LAPP) signals are
used as a basis to characterize the TEC variability at Los
Alamos. In another paper (Z. Huang and R. Roussel-
Dupré, Total electron content (TEC) variability at Los
Alamos, New Mexico: Comparisons with other TEC
sources, submitted to Radio Science, 2005, hereinafter
referred to as Huang and Roussel-Dupré, submitted
manuscript, 2005), other TEC sources from GPS mea-
surements, ionosonde observations, and IRI model pre-
dictions are used for comparative studies. Knowledge
from such a TEC comparative study are useful in devel-
oping better tools for data calibration and characteristic
recognition of the midlatitude ionosphere at Los Alamos
as well as in evaluating and applying the site ionospheric
corrections for communication system models.

2. Data, Theory, and Algorithm

2.1. FORTE Satellite and LAPP Transmitter

[12] The Fast On-Orbit Recording of Transient Events
(FORTE) satellite was launched on 29 August 1997 by
a Pegasus launch vehicle. It is in a circular, 800-km-
altitude orbit inclined 70� from the Earth’s equator and
covers equatorial regions and midlatitudes. FORTE
carries a suite of instruments, including an advanced
radio frequency (RF) impulse detection and character-
ization experiment to measure electromagnetic pulses
within a noise environment dominated by continuous
wave carriers such as TV and FM stations.
[13] The FORTE radio payload is a set of tunable

wideband radio receivers followed by fast digitizers.

The first type of receiver operates with a bandwidth of
22 MHz, referred to as twenty megahertz and twelve bit
receivers (TATRs). The second type of receiver operates
with a 90 MHz bandwidth, referred to as hundred
megahertz receivers (HUMRs). Both receivers are tun-
able across the 30–300 MHz band. One of the purposes
for the radio payload is to provide data on the propaga-
tion of wideband radio signals through the ionosphere.
Such data can be used to study ionospheric properties,
such as changes in TEC, which produces variations in
the amount of dispersion of a transient broadband RF
signal. Detailed descriptions can be found in work by
Jacobson et al. [1999].
[14] The wideband RF signals are produced by an

electromagnetic pulse generator coupled to a 30 m
dish/antenna, the Los Alamos Portable Pulser (LAPP).
The LAPP is located at Los Alamos, New Mexico
(35.872�N, 106.327�W, elevation 2274.08 m). It pro-
vides high power signals launched with high-accuracy
timing and can be used to calibrate RF broadband
satellite receivers. The useful bandwidth of the LAPP
pulse extends from below 30 MHz to above 200 MHz.
The frequency components of the nearly impulsive
signals produced by LAPP are dispersed as they pass
through the ionosphere and are received by a set of
crossed, nadir pointing, log periodic antennas on the
FORTE satellite. The signals are band pass filtered and
digitized and transmitted back to a ground station for
processing and archiving.

2.2. FORTE-LAPP Event Data Description

[15] This work uses FORTE received LAPP VHF
signal data. A LAPP signal subdatabase has been created
by searching through the FORTE database for the LAPP
events, which occurred when the FORTE satellite was
within a range of slant distance of 3500 km from the
center of Los Alamos. The generated subdatabase
includes over 2200 LAPP events covering a period from
1 November 1997 to 11 July 2002. The LAPP events
mostly occur during daytime. Fortunately, extensive
operations were also conducted into nighttime during
the year of 1998, offering a possibility to investigate a
full cycle of diurnal variations. Figures 1a and 1b show
the geographical location of the subsatellite point and
the ionospheric pierce point at 350 km, respectively.
Figure 1c gives the temporal coverage for all the events
in the LAPP signal subdatabase used in this study.
[16] The LAPP signal subdatabase consists of two

types of time series data: one type is from the HUMR
receiver, sampled at 300 megasamples/s, and the other
type is from the smaller frequency band of TATR
receivers, sampled at 50 megasamples/s. Both HUMR
and TATR data are available before October 1999 and
only HUMR data is available after then, that is, when the
TATR receiver failed. Figures 2a and 2b and Figures 3a
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and 3b show an example of a FORTE-received LAPP
signal and its spectrogram from the HUMR and the TATR
receiver, respectively. Figures 2 and 3 illustrate several
factors that affect the appearance of the received signal.
Because of the differences in the slant distance between
the receiver and the transmitter, signal-to-noise ratio, time
of day, and solar activity, the received signal and its
spectrogram show noticeably different ‘‘chirps.’’ In the
case of the TATR sample signal (Figure 2), its spectrum is
less ‘‘chirped’’ because of the low solar activity in 1998
and relatively shorter slant distance compared to the
HUMR sample signal (Figure 3), where solar activity is
high in 2001 and the slant distance is much longer.

2.3. Radio Wave Propagation Theory

[17] The free electrons that populate the Earth’s iono-
sphere are responsible for the ‘‘propagation effects’’

observed in the radio waves that penetrate the iono-
sphere. The total electron content (TEC), that is, the
number of free electrons per unit volume integrated
along the ray path to the receiver, is the most important
descriptive quantity that characterize these effects.
[18] The dispersion of an impulsive radio wave

traversing the ionosphere arises because the different
frequency components that make up the temporal
structure of the pulse propagate at different speeds owing
to the interaction of the electromagnetic wave field with
the free electrons. Above the plasma resonance frequency
(generally below 20 MHz in the ionosphere), this inter-
action reduces with increasing frequency (�1/f 2). The net
effect upon radio waves is proportional to the TEC along
the line-of-sight signal path from a transmitter to a
receiver. At VHF (30–300 MHz), and in the GPS L
band, or even higher, this effect is significant. Therefore

Figure 1. Spatial distribution and temporal occurrence of FORTE-received LAPP events:
(a) geographical location of the subsatellite point; (b) geographical location of the ionospheric
pierce point at 350 km; and (c) year, date, and time of day distribution during the data period of
1997–2002.
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TEC is a key parameter that describes the major impact of
the ionized atmosphere on the propagation of radio
waves. An algorithm for TEC estimation can be devel-
oped from the differential phases of transionospheric
radio signals at two frequencies, as for GPS dual fre-
quencies, or over a broadband of VHF frequencies, as in
the case of this study.
[19] Radio waves traveling through the ionosphere are

dispersed because of the ionospheric electron content.
The ionosphere is birefringent because the Earth’s mag-
netic field also separates an incident pulse into two
modes, each propagating at a different speed. At VHF
frequencies, the net effect on the signal delay, tg, can be
written as a function of frequency, f [Massey et al.,
1998],

tg ¼ t0þ aNe= f þ f c cos bð Þð Þ2þO fp=fð Þ4; ð1Þ

where t0 is vacuum accumulated temporal delay along
the slant path, a = 1.34 � 107 when all quantities are
expressed in mks units, and Ne is the total integrated
density of electrons along the path, b is the angle
between the wave vector and the magnetic field, and fc is
the electron cyclotron frequency. The 1/f 2 term is due to
the effects of the integrated electron density along the
slant path (TEC effects). The 1/f 4 term is a correction
associated with higher-order integral moments of the
electron density and refractive bending (quartic effects).
[20] For each frequency, equation (1) can be written as

Dt ¼ tg � t0 ¼ Ftec f �2
� �

þ Fmag b; fð Þ þ Fqrt f
�4

� �
;

ð2Þ

where the subscript tec, mag, and qrt denotes a function
related to TEC effects, magnetic field effects, and quartic
effects, respectively. Equation (2) will be used as the

Figure 3. HUMR signal (a) time series and (b) spectrogram for FORTE-received LAPP event on
26 February 2002, 2002:01.000000 UT, for FORTE location 47.7817�N, 107.952�W, 803.960 km.

Figure 2. TATR signal (a) time series and (b) spectrogram for FORTE-received LAPP event on
4 May 1998, 2250:00.004628 UT, for FORTE location 29.4912�N, 114.943�W, 836.5 km.
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theoretical basis on which an algorithm for deriving the
slant TEC and other ionospheric properties is developed
from FORTE-received LAPP signal data. The coeffi-
cients of these terms represent various characteristics of
the ionosphere [Roussel-Dupré et al., 2001].

2.4. Algorithm for Deriving Total
Electron Content (TEC)

[21] In order to derive slant TEC from a FORTE-
received LAPP signal, we developed a signal analysis
algorithm. This algorithm is based on the relationship
between frequency and the three effect functions given
in equation (2), Ftec, Fmag, and Fqrt, and combines
sliding window FFT and curve fitting techniques along
with carrier-suppressing and slow-mode removal. The
sliding window FFT technique is used to obtain signal
spectrograms. A Gaussian curve fit is used to deter-
mine the arrival time of peak power for each frequency
window of a signal spectrogram. Polynomial curve fits
are applied to peak power profiles to get coefficients
for deriving TEC and quartic term corrections. See
Appendix A for a step-by-step description of the
algorithm.

[22] The slant TECs derived using the algorithm are
converted to vertical TECs for this study. It has been
indicated that a simple ‘‘plane-parallel’’ model describes
the FORTE-derived slant TEC very well during daytime
and nighttime for elevation angle greater than 20�
[Tierney et al., 2001]. In the ‘‘plane-parallel’’ model,
the vertical TECs are modeled as the slant TEC multi-
plied by sinq, where q is the elevation angle. The
elevation angle is measured between a line tangent to
the surface of the Earth and a line joining the LAPP
location and the FORTE satellite. The smaller the eleva-
tion angle is, the greater the slant distance of the ray path
from LAPP to FORTE. Table 1 gives elevation angle
distributions for the FORTE-LAPP event data used in
this study. It shows that those events with elevation
angles less than 20� account for about 6% of the total
events during daytime (0700–1900) and 11% during
nighttime (1900–0700). In converting slant TEC to
vertical TEC, we use the ‘‘plane-parallel’’ model unless
it is otherwise indicated.
[23] The algorithm is applied to both TATR and

HUMR signals. Given the different bandwidths for the
TATR (22 MHz) and HUMR (90 MHz), we investigated
whether this algorithm can be applied to both types of
signal consistently without getting biased TECs toward
either type of signal. Since there were no TATR and
HUMR overlapping observations at a given event time,
we use hourly averages for comparisons. Figure 4a and
Figure 4b compare the hourly averaged TECs derived
from the TATR and that derived from the HUMR for all
the available data during the overlapping period of time
(1997–1999) for January–April and for September–
December, respectively (May–August data are too
sparse to do comparisons). We can see that although
the differences between the TATR-derived TECs and

Table 1. Event Elevation Distributions

Elevation Angle, deg All Time, % Daytime, % Nighttime, %

<20 7.1 5.9 11.4
20–30 26.4 25.9 29.8
30–40 26.8 28.7 23.5
40–50 17.0 18.4 14.3
50–60 10.8 11.0 10.8
>60 9.7 9.9 9.9

Figure 4. Comparisons in FORTE-derived TEC from TATR and HUMR receivers, averaged for
(a) January–April and (b) September–December.
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the HUMR-derived TECs can be as large as up to 50%
of the base TEC values, the results do not seem to
suggest the existence of receiver-biased differences.
Therefore the first three years (1997–1999) with mixed
TATR and HUMR data and the second three years
(2000–2002) with HUMR only data can be combined
to a 6-year time series data for use in this study without
receiver bias corrections required.

3. FORTE-Derived TEC Analysis

[24] In this section, we present results of FORTE-
derived TEC. The FORTE-derived TECs for the period
from November 1997 to July 2002 are analyzed to
describe the TEC variability at Los Alamos on diurnal,
seasonal, interannual, and 27-day timescales. The day-to-
day TEC variations are also evaluated. Several issues
regarding the uncertainties in the TEC analysis are
addressed.

3.1. Variability Analysis

3.1.1. Diurnal Cycle
[25] To study diurnal variability we use the data from

November 1997 to December 1998 for its relatively
dense temporal coverage over a 24-hour period and more
complete seasonal coverage. Figure 5a gives the annual
averaged hourly TEC means and standard deviations for
1997–1998. On average, the TEC amplitude at Los
Alamos displays a diurnal cycle with a minimum of
about 3 TECU and a maximum up to 22 TECU for low
solar activity years (1997–1998). The standard devia-
tions of TEC annual mean are smaller than 5 TECU. The
peak TEC occurs around 1300–1400 local solar time
(LST). Instead of a second peak before midnight in
equatorial regions, in Los Alamos we found a second

peak at local solar time before sunset between 1700 and
1800.
[26] To examine possible differences in the timing

and amplitude of TEC diurnal cycle for low and high
solar activities, we analyzed TEC data from 1999–
2001. A half diurnal cycle can be identified approxi-
mately from dawn to sunset while the other half diurnal
cycle has to be estimated because of the lack of data
during nighttime for these years. Figure 5b gives
annually averaged hourly TEC means and standard
deviations for 1999–2001.
[27] The timing of the diurnal cycle for high solar

activity years is the same as that for low solar activity
years. The diurnal peak TEC also occurs at 1300–
1400 local solar time. Furthermore, the semidiurnal
feature revealed from low solar activity years also
exists for high solar activity years. The amplitude of
the TEC diurnal cycle for high solar activity years
changes from a low of smaller than 10 TECU (no data
available at the minimum TEC time) to a high of about
44 TECU. Compared to the low solar activity years,
the diurnal peak TEC is doubled at the high solar
activity years. The diurnal lowest TEC was estimated
to be about 6 TECU from the TEC value (10 TECU)
at 0100–0200 local time (LT). Therefore the amplitude
of TEC diurnal variability is much larger at high solar
activity years than that at low solar activity year. The
standard deviations for 1999–2001 averaged hourly
TECs are also smaller than 5 TECU.
[28] Our estimates on the magnitude of the TEC

diurnal cycle at Los Alamos are comparable to other
midlatitude TEC studies. Davies and Hartmann [1997]
studied the TECs at Boulder, Colorado and reported a
diurnal cycle with a minimum of about 5 TECU and a
maximum around 25 TECU for February in 1994
[Davies and Hartmann, 1997, Figure 2], a year with

Figure 5. FORTE-derived TEC diurnal cycle, annual averaged hourly means, and standard
deviations for (a) 1997–1998 and (b) 1999–2001.
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about the same solar activity strength as 1997–1998.
Another midlatitude TEC study [Ma and Maruyama,
2002] presented results in the eastern hemisphere (35�N,
139�E) for 2001, a high solar activity year. Their
analysis on the TEC variations for the selected 9 days
[Ma and Maruyama, 2002, Figure 6] shows a diurnal
cycle with minimum TEC varying from 15–20 TECU
in June and August to 5–10 TECU in November and a
corresponding maximum changing from 35–65 TECU
to 65–90 TECU. Our results on annual averaged
diurnal cycle for high solar activity years fall within
their variation ranges to the lower end. Given the 15�
difference in magnetic latitude (Ma and Maruyama’s
location is 15� closer to the magnetic equator than Los
Alamos), such differences in the magnitude of the TEC
diurnal cycle can be reasonably expected.
3.1.2. Seasonal Cycle
[29] The FORTE-derived TEC also displays a well-

developed seasonal cycle. Figure 6a gives 1997–2002
averaged monthly mean daily TEC from January to

December. It shows that monthly mean daily TEC has
two peaks, one is at early spring (March) and the other
is at late autumn to early winter (October–November).
The lower TEC occurs in summer time from May to
September. The monthly mean daily TEC varies from a
minimum of about 18 TECU to a maximum of about
32 TECU, making the amplitude of seasonal variability
comparable to the background TEC.
[30] To determine if there exists a day and nighttime

difference in the seasonal cycle, we computed monthly
mean TECs for daytime and nighttime separately.
Figure 6b gives monthly TEC averaged over daytime
from 0700–1800 LT (asterisks) and nighttime from
1800 to 0700 (diamonds). We found that the stronger
daytime TEC dominates the seasonal cycle character-
istics while the much weaker nighttime TECs do not
develop a well-defined seasonal cycle. However, the
nighttime monthly mean TECs seems to vary with
season having an opposite phase with respect to the
daytime seasonal cycle.

Figure 6. FORTE-derived TEC seasonal cycle for 1997–2002 averaged for (a) 24-hour,
(b) daytime (0700–1800 LT) and nighttime (1800–0700 LT), and (c) peak TEC 4-hour (1000–
1400 LT) periods. See text for details.

RS6007 HUANG AND ROUSSEL-DUPRÉ: FORTE-DERIVED TOTAL ELECTRON CONTENT

8 of 23

RS6007



[31] It has to be pointed out that the monthly averaged
daily or daytime/nighttime means describe only charac-
teristic feature of seasonal TEC cycle. Because of the
TEC diurnal cycle and day-to-day fluctuations, the
amplitude of the TEC cycles has been significantly
smeared out. While we were not able to conduct a
complete study of an hourly based TEC seasonal cycle
because of a lack of data especially for nighttime, we
demonstrate the effect using the seasonal cycle for the
4-hourly averaged TEC during peak TEC time
(1000–1400 LT) (Figure 6c). Despite of the similar
pattern of seasonal cycle, a twofold increase of the
seasonal peaks (increased from 30 TECU to 60 TECU)
has been found compared to what the monthly mean
daily averaged TECs described and thus a much
stronger amplitude of the TEC seasonal cycle during
the 4-hour peak TEC time window.
3.1.3. The 11-Year Solar Cycle
[32] The TEC variability on the 11-year solar cycle has

been studied for the half solar cycle from 1997 to 2002.
Figures 7a and 7b show the relationships between the
FORTE-derived monthly mean TEC (triangles) and the
monthly mean sunspot number (asterisks) during day-
time (0800–1800) and those during nighttime (1900–
0700), respectively. As can be expected the TEC
increases as the sunspot number increases during the
half 11-year solar cycle. The TEC variability on the
11-year solar cycle scale is dramatic. During daytime,
the monthly TEC varies from about 10 TECU at lowest
solar years (1997–1998) to 50–60 TECU at highest
solar years (2000–2001) and then begins to drop
rapidly in 2002. Similarly, the monthly TEC varies
from 5 TECU to 20 TECU then drops in 2002 during
nighttime. Furthermore, we found that the variances of

daytime monthly mean TEC superimposed on the long-
term trend seem to increase as solar activity enhances
through the half 11-year solar cycle. This may be indic-
ative of the contributions due to ionospheric scintillation
(to be discussed in another paper).
3.1.4. The 27-Day Solar Cycle
[33] The 27-day solar cycle results from the Sun’s

rotation on its axis once in about 27 days. Since the
Sun is a ball of gas, it does not rotate rigidly like the solid
planets do. In fact, the Sun’s equatorial regions rotate
faster (taking only about 24 days) than the Sun’s polar
regions (which rotate once in more than 30 days). This
rotation was first detected by observing the motion of
sunspots. By studying the position of sunspots on suc-
cessive days Galileo inferred that the Sun rotates, and
established its rotation period as close to one lunar
month. The TEC variability associated with the 27-day
solar cycle is also examined. We used daytime data
for January and July of 2000, which cover more than
15 days for the given months. The nighttime case study
was not possible to conduct because of a lack of data.
Figures 8a and 8b show daytime TEC variability for
January 2000 (averaged over 1000–1400 LT) and July
2000 (averaged over 0800–1200 LT), respectively. Also
given in Figure 8 are the corresponding variations in
daily sunspot number (shown as asterisks). We can
clearly see the 27-day solar cycle for both months. The
27-day cycle sunspot number varies in a range from
lows of 125–150 to highs of 200–280, a little smaller
than a twofold increase. The 27-day solar cycle does
have a signature in the daytime TEC variability. The
amplitude of the 27-day TEC variability can vary from
20 TECU to 50 TECU in January and 15 TECU to
30 TECU in July, a twofold to threefold increase.

Figure 7. FORTE-derived TEC interannual variations for (a) daytime (0700–1800 LT) monthly
mean TECs and (b) nighttime (1800–0700 LT) monthly mean TECs. Also shown are monthly
sunspot numbers (asterisks).
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3.1.5. Day-to-Day Variations
[34] For day-to-day TEC variations, we examined the

TEC relative variability (defined as the ratio of the TEC
standard deviations for a given day/hour to the season-
ally averaged TEC for the given hour) for the three
seasonal TEC phases, at 4-month time intervals to reduce
the influences from seasonal changes. Figures 9a and 9b
give the TEC relative variations for January–April
(pluses), May–August (asterisks), and September–
December (diamonds) of low solar activity years
(1997–1998) and high solar activity years (2000–
2001), respectively. It has been found that the day-
to-day TEC variations during low solar activity years

are usually below 10% throughout the year during
nighttime. During daytime TEC relative variations are
small in summer months (less than 10%) while can be
large in other months (up to 30%). We found that the
day-to-day variations increase as the daytime TEC
increases from sunrise to midday peak TEC time and
that the peak day-to-day variation time is also at the
TEC peak time (1300–1400 LT). Furthermore, there
seems to exist a secondary day-to-day variation peak
at the time from sunset to before midnight (2100–
2200 LT). During high solar activity years, the daytime
day-to-day TEC variations have the same magnitude as
those during low solar activity years. The relative

Figure 8. FORTE-derived TEC (triangles) 27-day solar cycle for (a) January 2000, averaged over
1000–1400 LT, and (b) July 2000, averaged over 0800–1200 LT. Daily sunspot numbers are
shown as asterisks.

Figure 9. FORTE-derived TEC day-to-day variations and relative changes with respect to
seasonal means (January–April, May–August, and September–December) for (a) low solar
activity years (1997–1998) and (b) high solar activity years (2000–2001).
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variability is usually below 15% and sometime can
reach 30%.

3.2. Uncertainty Evaluation

3.2.1. Slant to Vertical TEC Conversion
[35] In converting slant TEC to vertical TEC, this

study applies the simple ‘‘plane-parallel’’ model to the
FORTE-derived slant TEC. Because of the Earth’s cur-
vature, such a simplification can have effects on the
derived vertical TECs for low elevation angles under
large electron density spatial gradients [Conker and
El-Arini, 2002]. In this section we quantitatively describe
the biases from using such a simple conversion model
and discuss the degree of related uncertainties in
interpreting our results.
[36] To examine whether the vertical TECs derived

from the simple ‘‘plane-parallel’’ model can be possibly
biased we use the data for 1998. Figures 10a–10d
demonstrate the relationship between the slant TEC
and the vertical TEC derived using the ‘‘plane-parallel’’
model for four 6-hourly periods of time, respectively,
where asterisks indicate slant TEC and triangles are the

corresponding vertical TECs. We can visualize the
existence of biases. During daytime (Figures 10b and 10c)
there is an overestimate trend for the vertical TEC at a
rate of about 2–4 TECU per 1000 km of slant distance
on a background TEC of 15 TECU, making a positive
bias of about 13–27% per 1000 km. During nighttime
a small underestimate of up to 1 TECU is super-
imposed on background TEC of 10 TECU as slant
distance increases to 3500 km, or a negative bias of
less than 5% per 1000 km, for the time period from
sunset to midnight (Figure 10d). No measurable biases
can be seen for the period from midnight to sunrise
(Figure 10a).
[37] The above analyses indicate that the slant distance

from transmitter to the receiver can affect the derived
vertical TEC depending on the time of day. Positive
biases can result during daytime as the slant distance
increases while very small negative biases may exist
during nighttime for significantly long slant distances.
[38] To examine biases due to use of the ‘‘plane-

parallel’’ model for active solar years, we conducted
case studies for selected events given the limited data for

Figure 10. Slant TECs (asterisks) and vertical TECs (triangles) converted using the ‘‘plane-
parallel’’ model and their linear curve fit (dashed line, slant TECs; solid line, vertical TECs) for
(a) 0000–0600 LT, (b) 0600–1200 LT, (c) 1200–1800 LT, and (d) 1800–2400 LT.
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active solar years (2000–2001). We identified an event
group for an active solar year from 7 to 10 August 2000.
The group consists of four consecutive day satellite
overpasses and each overpass has 6–8 FORTE-recorded
LAPP events. Figure 11a shows the time and location of
FORTE satellite for the LAPP events. The local solar
time of these events spans about one hour from 0611 to
0728. Figure 11b shows the slant TECs and the vertical
TECs for these events. Positive biases at about 1.5 TECU
per 1000 km are found (or about 9% of background
TEC). Compared to the event-averaged 12% bias for the
corresponding conditions for 1998 the results suggest

that the biases for the active solar year (2000) are close to
those for quiet solar year.
[39] For the worst bias case (peak TEC daytime period,

1000–1400 LT), we also selected a group of events from
an active solar year (2001) for three consecutive days
(21–23 February). Figure 12a shows the satellite loca-
tion and time for the selected events. The event group
covers three FORTE overpasses each with 6–8 FORTE
recorded LAPP events. All the events occurred within
one hour of time span around 1023–1116. Figure 12b
shows the slant TEC and the vertical TEC for these
events. The linearly fitted data line of vertical TEC

Figure 11. (a) Geographical location of the FORTE satellite. (b) Slant TECs (triangles) and
vertical TECs (asterisks) derived from LAPP events during 7–10 August 2000. Solid line is the
linear fit for vertical TECs.

Figure 12. (a) Geographical location of the FORTE satellite. (b) Slant TECs (triangles) and
vertical TECs (asterisks) derived from LAPP events during 21–23 February 2001. Solid line is the
linear fit for vertical TECs.
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suggests positive biases of about 12.5 TECU per
1000 km (or about 28% of the background TEC). Com-
pared to the event-averaged bias for the corresponding
conditions of 1998 (45%), the event-specific bias of 28%
represents a reasonable example given that the maximum
slant distance for the events of the 2001 case study is
smaller than 2000 km instead of longer than 3000 km in
the 1998 bias analysis. Regardless of the differences in
absolute TEC biases, our results indicate that the relative
biases with respect to background TEC at active solar
years do not exceed the ones at quiet solar years.
[40] Our analysis also found that the derived vertical

TECs can be affected by the direction at which the LAPP
points to FORTE satellite. This is because the differences
in local solar time at the FORTE location and that at the
LAPP location along with the associated horizontal TEC
gradients due to the diurnal cycle. Also, factors such as
ionospheric spatial irregularity and scintillation in the
afternoon ionosphere may play important roles. These
are beyond the scope of this study and will be discussed

in detail in another paper on scintillation characteristics
at Los Alamos.
3.2.2. Quartic Effect
[41] It is necessary to examine the uncertainties in our

FORTE TEC analysis due to ignoring the quartic term
that results from refractive bending and high-order
moments. To evaluate contributions of the quartic term
to derived TECs, we compared slant TEC values with the
quartic term included in curve fitting and those obtained
by fitting a 1/f 2 curve to the measured signal delay data
for a quiet solar year (1998) and an active solar year
(2001) under a variety of conditions.
[42] How often may significant quartic effects occur at

Los Alamos? Figure 13a shows the percentage of event
occurrences verses relative changes in TEC due to
quartic effects. The majority of the events (a little less
than half of the events) observed quartic term contribu-
tions to TEC in the 10% to 20% category. About 25%
of the events fall in the less than 10% of the quartic
term contribution category and another 25% of the

Figure 13. Quartic effects on FORTE-derived TEC for 1998 and 2001. (a) Percentage of event
occurrence for relative contribution categories (0%–100%, percentage TEC changes due to quartic
delay). Solid bar represents 2001 and hatched bar represents 1998. (b) Elevation angle. (c) TEC
magnitude. (d) Time of day (solid circles, 2001; open circles, 1998).
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events fall in the 20% to 30% of the quartic term
contribution category. These three categories of events
consist of over 95% of the events. Only about 5% of
the events observed quartic term contributions larger
than 30%. Therefore the chances for the occurrence of
significant quartic effects at Los Alamos are very small
and the 1/f 2 curve fitting approximation can work well
for most cases.
[43] The significance of quartic effects has been found

related to the elevation angles of the slant path of a
transionospheric radio wave. It has been pointed out that
the quartic terms begin to have a significant effect when
the elevation angles are within about 45� to the horizon
and electron densities are high [Argo et al., 1999].
Figures 13b and 13c give our results showing how the
quartic effects change with elevation angle and vertical
TEC, respectively. We found that the critical elevation
angles, at which the quartic terms begin to have a
significant effect, are about 30� to 40�. Beginning at
the critical elevation angle, the quartic effect increases
exponentially from around 10%–15% relative contribu-
tions to over 60% at the lowest possible elevation angles
(about 15�). It seems that the critical elevation angle is
larger (40�) at active solar year (2001), when the base
TECs are relatively large, than that (30�) at quiet solar
year (1998). We also found that at the TEC levels close
to the base values (15–30 TECU) the quartic effects are
normally small (about 10% on average) while they
begin to increase linearly from less than 10% up to
30% as the TEC increases beyond the base values. On
the other hand, the quartic effects increase exponentially
as the TEC falls below the base values and the most
significant quartic effects actually occur when TECs are
very small.

[44] Our results also indicate that the most significant
quartic effects occur at nighttime. Figure 13d gives the
diurnal changes of the quartic effects. We can see that
on average, daytime effects are 10%–20% while night-
time effects are 30–40%. Also, the magnitudes of the
effects are more diversified at nighttime than those at
daytime.
[45] In conclusion, significant quartic effects most

possibly happen at small elevation angle (smaller than
40�), during nighttime, and at very large TEC or very
small TEC conditions.
3.2.3. Multifactor Data Agreement
[46] The above evaluations of the uncertain factors in

our FORTE-derived TEC analysis suggest that some
improvement in agreement with data may be obtained
in a more detailed study. In this section we discuss how
the inclusion of both the quartic effects in deriving slant
TEC from FORTE-LAPP data and the Earth’s curvature
effects in converting the slant TEC to the vertical TEC
(see Appendix B for a description) can correctly improve
data agreement.
[47] Figures 14a and 14b show how including both the

quartic and the curvature effects can correctly improve
data agreement for slant distance greater than 2000 km
(elevation angle less than about 24�) during daytime
(0800–1700 LT) and during nighttime (2000–0500 LT)
of a low solar activity year (1998), respectively. During
daytime, including curvature effect only actually ampli-
fies the positive biases existing in the case of neglecting
both effects while the combined quartic and curvature
effects effectively removes the biases. During nighttime,
including curvature effect only produces the same mag-
nitude of positive biases rather than negative biases
existing in the case of neglecting both effects while the

Figure 14. Curvature and quartic effects on FORTE-derived vertical TECs for (a) daytime
(0800–1700 LT) 1998 and (b) nighttime (2000–0500 LT) 1998. Pluses and the dotted line
represent curvature effect only, triangles and the dashed line represent no curvature and no quartic
effects, and asterisks and the solid line represent inclusion of curvature and quartic effects.
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combined quartic and curvature effects result in an
almost no bias linearly fitted line.
[48] To illustrate the improvement of data agreement

with both the quartic and the curvature effects included
for high solar activity years, we re-examined the two
cases shown in Figures 11 and 12. Figures 15a and 15b
show the slant FORTE TECs derived with the quartic
effects included (pluses), the vertical TECs with curva-
ture effects only (triangles), and the vertical TECs with
both quartic and curvature effects included (asterisks) for
the two cases given in Figures 11 and 12, respectively.
We can see that including only the Earth’s curvature
effect results in larger biases than using the simple
‘‘plane-parallel’’ model, however, when quartic effects
are included at the same time, the data agreements are
correctly improved although there are still ‘‘residual’’
biases left in the two cases.
[49] In calculating the curvature effects, a mean value

has to be assumed for the peak electronic density height
(hF2). In fact, the peak electronic density height can vary
from 200 km to 500 km. Our examinations found that the
use of a reliable real-time hF2 may further improve data
agreement. In the case of February 2001, the observed
values of hF2 at Boulder (the ionosonde station closest to
Los Alamos) range from 236 km to 251 km. It is
interesting to find that the use of the ‘‘real-time’’ aver-
aged hF2 of 240 km has virtually removed the ‘‘resid-
ual’’ biases. In the case of August 2000, the observed
values of hF2 at Boulder vary from 284 km to 320 km,
which gives an averaged value very close to 300 km. In
fact, the biases in the case of August 2000 are negligibly
small.
[50] Therefore, although the results in our FORTE-TEC

analysis are little affected by applying the simple ‘‘plane-

parallel’’ model in converting slant to vertical TEC to the
first-order TEC, that is, neglecting both quartic and the
curvature effects, we need to point out that the correct
data agreement can only be achieved by including both
the curvature and the quartic effects. Also important to
point out is that the reliable ‘‘real-time’’ peak electronic
density height must be taken into account in the curvature
effects for specific event.
3.2.4. Effects Due to Thin-Shell Assumption
[51] In using the ‘‘thin shell’’ approximation (Appen-

dix B), the model transforms the variation of the iono-
sphere’s electron density distribution into an impulse
function in the radial direction, creating a vertically
equivalent ionosphere that varies as a function of shell
height and the elevation angle of the line of sight from
receiver to satellite. In this study we assumed a constant
shell height of 350 km (Hm).
[52] We examined the effects on the resultant vertical

TEC from using a larger Hm of 550 km, and a smaller
Hm of 150 km compared to the mean Hm of 350 km.
Figures 16a and 16b give the differences in absolute
TEC between Hm = 350 km and Hm = 550 km
(asterisks) and those between Hm = 350 km and
Hm = 150 km (triangles) for daytime peak TEC period
(1200–1400 LT) and nighttime (2000–0600 LT),
respectively. We can see that the absolute differences
in the estimated vertical TEC are generally smaller
than 5 TECU during peak TEC daytime and smaller
than 2 TECU during nighttime. The magnitude of the
absolute differences in TEC decreases with increases
in elevation angle, especially for nighttime. Further
examinations indicate that on average the relative
changes in the vertical TEC estimation are about
5–7% for both daytime and nighttime with respect

Figure 15. Curvature and quartic effects on FORTE-derived TECs for (a) 7–10 August 2000 and
(b) 21–23 February 2001. Pluses represent slant TEC with quartic effects, triangles and the dashed
line represent vertical TEC with curvature effect, and asterisks and the solid line represent vertical
TEC with both curvature and quartic effects.
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to the TEC values estimated with Hm = 350 km
(Figures 17a and 17b).
[53] While a thin shell model is not a bad assumption if

the elevation angle is not too low, such a conversion can
introduce errors at low elevation angles when there are
strong horizontal gradients in the ionosphere. Strong
horizontal gradients may occur in the ionosphere over
longitudes spanning different local time periods and in
latitudes where strong electromagnetic disturbances
modify the local solar produced ionosphere. Previous
research indicates that severe gradient effects can result
in a failure to capture true quantitative patterns, however,
slant measurements through and outside regions of large
gradients do portray the basic geophysical morphologies
[e.g., Mendillo et al., 1974]. In any case, no simple
algorithm is currently available to take these gradient

effects into account in conversions from slant to vertical
TEC without invoking very sophisticated modeling.
Thus employing the ‘‘horizontal uniformity’’ assumption
for individual satellite-to-receiver ray paths remains
the standard approach to derive the local ionospheric
TEC.
[54] The error in the estimation of vertical TEC from

slant TEC introduced by assuming a thin shell model has
been reported in the literature only in a qualitative way.
The possible dependence of this error on satellite eleva-
tion angle, satellite azimuth, ground station latitude, solar
activity and season has been examined by comparative
study using a 3-D ionospheric electron density model
[Radicella and Nava, 2002]. On the basis of their results,
our TEC values may be most affected because of thin
shell assumption under three conditions: (1) during high

Figure 16. Differences in absolute TEC between Hm = 550 km (asterisks) and 150 km (triangles)
with respect to default value Hm = 350 km as a function of elevation angle (>15�) for (a) daytime
1200–1400 LT and (b) nighttime 2000–0600 LT.

Figure 17. Same as Figure 16, but for relative TEC change (%).
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solar activity (2000–2002), (2) for the cold season
(September–April), and (3) at low elevation angles.
[55] The uncertainty issues related to the thin shell

assumption, as well as the quartic effects, can only be
effectively resolved by very sophisticated modeling
techniques, such as ray tracing. While such techniques
require information about the electron density vertical
profiles, the FORTE measurements of frequency-
dependent time delay allow us to develop approaches
to extract averaged ionosphere parameters which can be
used as a starting point for developing advanced tech-
niques. By separating the time delay caused by TEC
dispersion (quadratic) and the time delay due to refrac-
tive bending and high-order electron profile terms
(quartic) from the FORTE frequency-dependent time
delays, it is possible to extract ionospheric peak elec-
tron density and effective slant thickness of the iono-
sphere. The effective slant thickness for the ionosphere
can be determined given several measurements for
various zenith angles of a broadband pulse and fitting
the ratio of quartic to quadratic time delay at a fixed
frequency [Roussel-Dupré et al., 2001, equation 16].
The peak electron density can be obtained by taking the
ratio of the slant TEC to the computed slant thickness
of the ionosphere.
3.2.5. Geomagnetic Storm Effect
[56] In addition to the above technique-related uncer-

tainties in deriving TEC, geomagnetic storms can cause
large-scale enhancements and large amplitude fluctua-
tions in TEC. At midlatitudes, the steep spatial gradients
in TEC and the occurrence of strong radio scintillation
have been observed over the continental United States
during strong magnetic storms of the current solar cycle
[e.g., Steven et al., 1998; Vo and Foster, 2001]. The
storm time characteristics of TEC variations at Tokyo
(35.65�N, 139.54�E) have been investigated from GPS
dual frequency signals for the 11 storms for 1997–1998
[Yamamoto et al., 2000]. It has been shown that the

TEC variation tends to increase during the first 24 hours
of storm and then decrease below its usual day level
with recovery in one or two days later. In this section,
we examine geomagnetic storm effect on TEC varia-
tions at Los Alamos.
[57] To identify magnetic storm conditions during the

period from November 1997 to July 2002, we use the
criteria based on the 3-hour Kp index [Gosling et al.,
1991]. A ‘‘major’’ storm has a maximum Kp � 8�,
together with a Kp � 6� for at least three 3-hour
intervals in a 24-hour period. A ‘‘large’’ storm is similar
but has a maximum 7� � Kp � 7+. A ‘‘medium’’ storm
has a maximum 6� � Kp � 6+, together with Kp � 5�
for at least three 3-hour intervals in a 24-hour period. For
the identified storms, we search for FORTE TEC data
availability within several days of the peak storm time.
Because of the FORTE TEC data are limited time
observations, we can only analyze possible storm effects
during a certain time interval for a given storm. There-
fore we identify the time interval where the TECs are
available for each selected storm and compute storm-
time and nonstorm-time TEC. Considering the general
characteristics of TEC variations associated with a geo-
magnetic storm, storm time TEC values are defined as
the averages over a time interval, usually up to one hour
(to eliminate diurnal cycle factor), during storm time and
the following 24-hour period. On the other hand, the
nonstorm-time TEC values are evaluated on the averages
during the same time interval at the closest dates before
and after the storm, usually within three days. For
comparison purposes, the diurnal cycle has to be re-
moved. For example, we have storm-time TEC for
1000–1100, we may use nonstorm-time data for
0900–1200 LT to estimate TEC values at 1000–1100
if no nonstorm-time data are available for 1000–1100.
[58] Table 2 gives results of storm time and nonstorm-

time-averaged TEC comparisons for the 13 selected
storms during the FORTE data period, showing absolute

Table 2. Storm-Time and Nonstorm-Time TECs for Selected Geomagnetic Storms From November 1997 to May 2002

Storm Storm Date Storm Category
Storm-Time
TEC, TECU

Nonstorm-Time
TEC, TECU

Time Interval,
LT

Relative
Changes, %

1 22–23 Nov 1997 large 20.2 10.4 1228–1318 95
2 17–18 Feb 1998 medium 12.8 11.3 1702–1735 13
3 10–11 March 1998 medium 22.0 5.8 1210–1302 279
4 2–5 May 1998 major 12.6 14.1 1508–1556 �11
5 6–7 Aug 1998 large 8.96 8.8 1915–1927 2
6 7–9 Nov 1998 large 62.4 30.1 0847–0921 107
7 18–19 Feb 1999 large 27.1 17.0 1120–1148 59
8 16–17 April 1999 medium 18.0 11.9 1126–1217 51
9 13–16 July 2000 major 26.1 23.7 1002–1042 10
10 10–13 Aug 2000 major 10.5 14.1 0549–0640 �26
11 31 March 2001 major 69.2 44.9 1202–1243 54
12 11–12 April 2001 major 39.3 38.9 0900–1127 1
13 6–7 Nov 2001 major 65.2 62.9 1232–1337 4
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magnitude differences and relative changes with respect
to normal conditions in TEC due to geomagnetic storm
impact. Also given in Table 2 are the date of storm
occurrence, storm category, and the time interval where
the average TECs are computed.
[59] Our analyses indicate that the overall impact of

geomagnetic storm on TEC variations at Los Alamos is
characterized by an enhancement during the extended
storm time (storm time plus 24 hours after). Out of the
13 selected storms, TEC enhancements occurred for
11 storms and TEC reductions happened for two storms.
Note that the two storms with TEC reductions are the ones
with several consecutive storms lasting for 3–4 days, the
storm-time average TECs for these two cases computed
over a period where the phases of storm-induced TEC
increase-decrease fluctuations from the combined impacts
of the consecutive storms may be canceled out. A previ-
ous study [Yamamoto et al., 2000] indicates that during a
negative value phase of the TEC variation, the TEC
amplitude shows a remarkable reduction in summer
compared to that in winter. We noticed that the two
reduction cases happen to occur in summer time when
the TEC reduction after 24 hours is large, making it
possible for combined TEC reduction outcomes. There-
fore, in most cases, we see overall enhancements in TEC
as a result of geomagnetic storm impact at Los Alamos.
[60] The relative enhancements in TEC due to a

geomagnetic storm at Los Alamos can reach as high as
threefold of the normal TEC values. The magnitude of
TEC enhancements is diversified over all storm catego-
ries without a clean-cut relationship between the storm
intensity and the TEC enhancement. The three storms
with the largest impact of twofold to threefold TEC
enhancements (1, 3, and 6) are not the strongest ones
as we would assume, but are medium to large ones. The
three storms occurred in low solar activity years (1997
and 1998). The three storms with second significant TEC
enhancements of larger than 50% (7, 8, and 11) are all
single storms and cover storm categories from medium to
major. The evaluations for these three storms are made
during the peak TEC time interval (1100–1300) in the
spring high TEC phase (February to April) of the
seasonal cycle. The TEC enhancements for the remain-
ing storms (2, 5, 9, 12, and 13) are all less than 15%.
These storms also cover all the three storm categories
with three out of five being major storms.
[61] The overall absolute enhancements in TEC at Los

Alamos are up to about 30 TECU for the current half
solar cycle. It is interesting to see how our results can be
quantitatively compared with other storm case TEC
studies. A storm case TEC study [Basu and Basu,
2002] found an increase and decrease of TEC between
20 and 40 TECU at Westford, Massachusetts (42.6�N,
71.5�E) for the storm occurring on 5 March 2001. We
do not have the same storm case to compare against.

Instead, our results for the 31 March 2001 storm case
suggest an overall enhancement in TEC of about 25
TECU, or rather close agreement with the Westford
case given that the TEC enhancements in our study are
averages in nature while those in Basu and Basu’s study
are transient.
[62] Our study on the geomagnetic storm effects on

TEC variations at Los Alamos may suggest that the
storm effects can cause dramatic TEC enhancement as
high as twofold to threefold. However, the effects are
also complicated given that no clean-cut relationship
may be derived between the storm intensity and the
magnitude of TEC enhancement. For larger TEC
enhancement the responsible storm does not have to
be stronger. In particular, when two to three consecutive
strong storms occurred in a row, since major enhance-
ment usually occurs after about 24 hours following
storm peak, a net TEC reduction may be seen because
of the combination of the opposite phases in the TEC
fluctuations due to storm effects. Although the geomag-
netic storm effect can cause TEC variations as large as
a factor of 3, the timescale of the effect is on the order
of hours and the frequency and probability for such
effects to occur are low; hence the effect on averaged
TEC variability is small.
[63] It is noted that Dst index has been usually used to

characterize the development of a geomagnetic storm for
its finer temporal resolution [e.g., Gonzalez et al., 1994].
We conducted a correlation study between Kp index and
the Dst index (averaged over 3 hours) and found that for
the time period in this study, the two indices are
correlated at 50–60% consistently for daytime, night-
time, warm/cold season, and for low/high solar activity.
Given the fact that this study estimates the averaged
storm effects and does not deal with transient time-
varying effects for a particular storm, we believe that
the use of Kp instead of Dst does not affect the results to
an extent that is discernible.

4. Summary

[64] The TEC variability at Los Alamos on diurnal,
seasonal, interannual timescales and 27-day solar cycle is
obtained from FORTE data analysis for the period of
1997–2002. Table 3 summarizes the TEC variability at
Los Alamos on the basis of FORTE data analysis. The
TEC variability features a significant diurnal cycle rang-
ing from an early morning low to an early afternoon high
by a factor of 5–7. A well-developed semiannual sea-
sonal cycle is observed with two comparable peaks
in March and October–November, respectively, and
a major low in summer from May to August. On daily
averaged monthly mean, the TEC seasonal cycle varies
from low phase to peak phase by a factor of 50–100%
while a twofold to threefold variation has been found in
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the TEC seasonal cycle for the peak time period (1000–
1400). The TEC variability on an 11-year solar cycle
timescale is also significant. The monthly mean TEC
values have increased by a factor of 4–5 from low solar
activity years to high solar activity years. The TEC also
varies on a 27-day solar cycle by a factor of 2–3.
[65] In addition to solar-related variability, random

variations on day-to-day changes or as a result of
geomagnetic storms also contribute to observed TEC
variability at Los Alamos. The day-to-day random var-
iation ranges from 10–30% of the mean TEC values
while the changes due to geomagnetic storm effects can
cause a TEC increase by 50–300%.
[66] Our study indicated the importance of quartic

effects in deriving TEC from the VHF broadband signal
data. However, we found that the quartic effect on
transionospheric VHF radio signal propagation in deriv-
ing slant TEC and the Earth’s curvature effect in con-
verting the slant TEC to vertical TEC oppositely affect
the TEC estimations and should be considered at the
same time. Furthermore, the use of a real-time peak
electronic density height may not make large differences
in deriving averaged features but can become important
in predicting accurate TEC for a specific date and time.
Therefore a reliable peak electronic density height from
ionosonde observations or from ionospheric model pre-
dictions is required for better TEC predictions.
[67] The significant while less investigated effect of

geomagnetic activity on TEC variations due to a lack of
data is an important issue that must be addressed for
reliable TEC predictions. We have undertaken TEC
observations using local GPS receivers in collaboration
with researchers in LANL’s GPS measurement team to
obtain finer resolution data for geomagnetic storm and
solar flare events for the purposes of investigating TEC
variability on minute timescales, which is not possible
using the FORTE data.
[68] Finally, we wish to expound on the future appli-

cation of this technique of broadband VHF TEC deter-
mination. For example, are we proposing a constellation
of satellites with broadband receivers to monitor the
global TEC on a continuous basis? What are the advan-
tages and limitations of such a system? Are we planning
to field impulsive EMP generators globally to provide
the source signal or can we use lightning for that
purpose? What properties of the ionosphere can we
reliably report, for example, TEC, peak ionospheric
density, nominal radial extent of the ionosphere, scintil-
lation index, coherence bandwidth?
[69] A proposal presently under review at Los Alamos

and other U.S. government facilities involves develop-
ment of an operational satellite-based radio frequency
global lightning and storm tracking system. Such a
system would most likely employ a constellation of
geosynchronous or Global Positioning System (GPS)-T
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based broadband radio receivers. The receivers would
ideally operate in the VHF (30–300 MHz) in order to
allow detection of those frequency components of the
signal that propagate through the ionosphere without
reflection.
[70] The operational goal of such a system is to

accurately geolocate, track, and report lightning events
on a global basis. Geolocation accuracy however is
strongly dependent on the ability to time tag the arrival
of the signal at four or more satellites (with varying
ionospheric paths) and to remove the ionospheric tem-
poral delays. Therefore validation of the dispersion-
removing technique used in this study to deduce the
line-of-sight TEC from VHF signals has potentially huge
significance for such an application. At the same time, a
satellite-based global lightning detection system of this
type could also provide global TEC measurements dur-
ing the lightning season dependent only upon the occur-
rence of a detectable lightning event [e.g., Pongratz et

al., 2002]. Estimations of peak ionospheric density and
nominal radial extent of the ionosphere would also be
made possible by applying the approach described by
Roussel-Dupré et al. [2001] to the power spectrogram of
detected lightning signals. Furthermore, the scintillation
index and the associated coherence bandwidth can be
estimated on the basis of the thin phase screen approx-
imation in solving the ionospheric transfer function for
wide bandwidth signal propagation through ionization
irregularities [Knepp, 1982], using the information about
the frequency-dependent mean time delay and time delay
variances of detected lightning signals.
[71] A concept definition has been proposed to use a

constellation of VHF radio receivers aboard the upcom-
ing Block IIF/III Global Positioning System (GPS)
satellite constellation to monitor VHF lightning emis-
sions on a global and continual basis [Suszcynsky et al.,
2000, 2001]. A constellation of FORTE-like receivers
has been scheduled for launch beginning in 2006, which

Figure A1. (a) Denoised FFT spectrogram. The red line is drawn at frequency 32.8125 MHz. (b)
Signal power at 32.8125 MHz (black line) and its Gaussian fit curve (red line). (c) Polynomial
function fit (the ‘‘chirped line’’ in red) with the first-order TEC effects and the quartic effects
removed (vertical blue line). (d) Final signal power spectrogram after first-order TEC is dechirped,
quartic delay is shifted, and fast mode is removed.
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is expected to be a powerful proxy tool for detecting,
geolocating, and reporting storm activity and strong
convection on a global basis in near real time [Suszcynsky
et al., 2005]. In another paper (Huang and Roussel-
Dupré, submitted manuscript, 2005), we will present
results of comparisons between the FORTE-derived
TEC and the TECs from other sources.

Appendix A: Approach for Deriving Line-

of-Sight TEC Using FORTE Data

[72] An approach is developed for deriving line of
sight TEC and quartic effects using FORTE-received
LAPP VHF signal data. A step-by-step description is
given here using one of the LAPP events (Event time
8 November 1997, 2215:00.002961 UT; FORTE location
36.88�N, 103.037�W, 817.710 km; receiver HUMR).
[73] 1. For a given signal time series, perform a sliding

window Fourier transform (FFT) and produce a power
spectrogram; then the FFT spectrogram is filtered to
suppress CW interference carriers (Figure A1a).
[74] 2. Determine peak power profile using a Gaussian

curve fitting for each frequency window of the spectro-
gram. Figure A1b plots the signal power at 32.8125 MHz
and its Gaussian fit curve.
[75] 3. Fit the peak power profile to a polynomial

function of time delay, t, and frequency, f:

t ¼ a� f �2 þ b� f �4 þ c

Figure A1c plots the polynomial function with fitted
coefficients a, b, and c (the ‘‘chirped line’’). Also shown
is a vertical line with the first-order TEC effects and the
quartic effects removed.
[76] 4. From the coefficients of the polynomial func-

tion, extract TEC (coefficient a) and quartic delay term
(coefficient b) and perform TEC only dechirp. The TEC
only dechirped spectrogram shows the splitting at low
frequencies, a result from the slow mode and the fast
mode splitting due to magnetic field effects.
[77] 5. Remove the slow mode and determine peak

power profile of the fast mode using Gaussian curve
fitting and fit it to a second-order polynomial function of
frequency

t ¼ b� f �4 þ c;

then derive adjusted quartic delay and do a quartic delay
phase shift. Note that there is still a residual chirp at the
bottom of frequency band.
[78] 6. From the TEC dechirped and quartic delay

phase shifted spectrogram, do one more polynomial fit to

t ¼ a� f �2 þ b� f �4 þ c

and derive TEC and quartic delay ‘‘correction’’ coeffi-
cients and do corrective phase shift. Finally, a perfect

vertical peak power profile is obtained (Figure A1d)
which gives us a reliable TEC estimation as well as the
magnitude of quartic effects.

Appendix B: Spherical Shell Model

Relating Slant to Vertical TEC

[79] For a given ray from a transmitter to a receiver
that intersects the ionosphere at a nominal peak electron
density height, the spherical shell model relating slant
TEC (TECs) to vertical TEC (TECv) at the ionospheric
pierce point is given by

TECv ¼ TECs� sin d

sin d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Re� cos q

Reþ Hm

� �2
s

;

where d is the elevation angle at the ionospheric pierce
point, q is the local elevation angle at the ground
transmitter/receiver (at LAPP in this study), Re is the
radius of the Earth, and Hm is the height of the peak
electron density above the Earth surface (350 km in this
study).
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